It has been argued that bacteria communicate using small diffusible signal molecules to coordinate, among other things, the production of factors that are secreted outside of the cells in a process known as quorum sensing (QS). The underlying assumption made to explain QS is that the secretion of these extracellular factors is more beneficial at higher cell densities. However, this fundamental assumption has never been tested experimentally. Here, we directly test this by independently manipulating population density and the induction and response to the QS signal, using the opportunistic pathogen Pseudomonas aeruginosa as a model organism. We found that the benefit of QS was relatively greater at higher population densities, and that this was because of more efficient use of QS-dependent extracellular "public goods." In contrast, the benefit of producing "private goods," which are retained within the cell, does not vary with cell density. Overall, these results support the idea that QS is used to coordinate the switching on of social behaviors at high densities when such behaviors are more efficient and will provide the greatest benefit. social evolution | sociomicrobiology A rapidly expanding body of research assumes that bacterial cells communicate via quorum sensing (QS) to coordinate behaviors at the population level (1-7). Cells produce and release QS signaling molecules, which then have two consequences. First, they regulate the production of a range of extracellular factors, which are released from cells and have various uses, including scavenging for nutrients, immune suppression, providing scaffolding for biofilms to grow, and aiding motility.
It has been argued that bacteria communicate using small diffusible signal molecules to coordinate, among other things, the production of factors that are secreted outside of the cells in a process known as quorum sensing (QS). The underlying assumption made to explain QS is that the secretion of these extracellular factors is more beneficial at higher cell densities. However, this fundamental assumption has never been tested experimentally. Here, we directly test this by independently manipulating population density and the induction and response to the QS signal, using the opportunistic pathogen Pseudomonas aeruginosa as a model organism. We found that the benefit of QS was relatively greater at higher population densities, and that this was because of more efficient use of QS-dependent extracellular "public goods." In contrast, the benefit of producing "private goods," which are retained within the cell, does not vary with cell density. Overall, these results support the idea that QS is used to coordinate the switching on of social behaviors at high densities when such behaviors are more efficient and will provide the greatest benefit. social evolution | sociomicrobiology A rapidly expanding body of research assumes that bacterial cells communicate via quorum sensing (QS) to coordinate behaviors at the population level (1) (2) (3) (4) (5) (6) (7) . Cells produce and release QS signaling molecules, which then have two consequences. First, they regulate the production of a range of extracellular factors, which are released from cells and have various uses, including scavenging for nutrients, immune suppression, providing scaffolding for biofilms to grow, and aiding motility. These factors provide a benefit to the local population of cells and so are equivalent to what economists call "public goods." In parasitic species, these factors often play key roles in bacterial growth, virulence, and ultimately the eventual damage caused to hosts. Second, the uptake of signal molecule also leads to an increase in the production of the signal molecule itself, in a process often termed "autoinduction." This process leads to a positive-feedback mechanism at high cell densities, which results in a considerable increase in the production of signal and QS-controlled factors (Fig. 1) .
The fundamental assumption made to explain QS is that the purpose of QS is to stimulate the production of extracellular public goods at high cell densities, when their production is most beneficial (1) (2) (3) (4) (5) (6) (7) (8) . The idea here is that at low densities, the action of extracellular factors would be relatively inefficient because they would disperse away before they could be used (Fig. 1) . In contrast, at higher cell densities, a greater proportion of the products produced by extracellular factors could be used (Fig. 1) , which would lead to the relative benefit of producing extracellular factors increasing with population density as their benefits are harnessed more efficiently. However, this key assumption, upon which the field of QS research is based, has never been empirically tested. Consequently, it has been argued that "this quorumsensing hypothesis rests on very weak foundations," and that alternative nonsocial explanations are possible (see Discussion) (8).
Here, we test whether the fitness benefits of responding to QS are density-dependent, with a greater benefit occurring at higher cell densities (1-7). We examine this using Pseudomonas aeruginosa, a Gram-negative opportunistic pathogen, which causes disease in plants and animals, including humans. This organism uses a complex, hierarchical QS system to regulate numerous processes, including virulence factor production (9, 10) . To test whether the fitness benefits of QS are density-dependent, it is necessary to be able to independently manipulate density and to control when the QS system in P. aeruginosa is induced. We do this by manipulating the growth medium, and by using artificial signal to control the behavior of a mutant that does not produce signal. We carry out three controls, one which removes the need for a cooperative QS response, a second which requires a QS response to generate a nonsocial, intracellular "private good," and a third that manipulates the response to QS by altering the concentration of QS signals.
Results
Manipulating Density and QS. We independently manipulated both density and when the QS system of P. aeruginosa was induced. We manipulated density by varying the concentration of casamino acids (CAA) in a minimal growth medium where CAA was the only carbon source available for growth. We found that as we increased the percentage of CAA in the growth environment, this led to an increase in the final population density ( Fig. 2A) (P < 0.0001).
We controlled the induction of QS by using a lasI (signal-negative) QS mutant, that doesn't produce signal, but does respond to signal. We added 20 μM of chemically synthesized N-(3-oxododecanoyl)-L-homoserine lactone (3O-C12-HSL), to induce the expression of QS-dependent genes in this mutant, which includes the lasB gene, which codes for elastase. We found that when we added synthesized signal this led to QS induction, measured by expression of the lasB gene, at both low and high densities (Fig. 2B) [F (1,4) = 23.16, P = 0.04]. Our finding that QS can be induced at low population densities is in agreement with previous work performed on the QS system of P. aeruginosa (11, 12) .
Fitness Consequences of QS. We then tested the idea that the addition of signal, and therefore induction of QS-dependent genes, provides a greater benefit at higher cell densities. To do this, we used a medium containing two carbon sources, CAA and BSA. BSA can only be used as a nutrient source by cells when it is broken down by the action of QS-dependent proteases, such as LasB (13) . Consequently, we could vary the amount of CAA to vary population density and then add artificial signal to test the fitness benefit of inducing QS to break down BSA. Our hypothesis was that the fitness consequences of adding signal (hence, inducing QS), as measured by dividing the final population density in the presence of signal by the final population density in the absence of signal, will be greater with increasing density.
We found that the fitness benefits of QS were greater at higher population densities ( Fig. 3 ) (P < 0.0001). At low cell densities, the addition of 20 μM 3O-C12-HSL signal led to a relatively small increase in population growth, suggesting that despite the induction of a QS response (Fig. 2B ), the production of QS-regulated extracellular factors is relatively inefficient. In contrast, at high cell densities, the addition of signal led to significant increase in population growth, suggesting considerable benefit from the production of extracellular factors at such densities. We carried out three control experiments to test the validity of this result. Control I: Public goods. To test that the effect of density was mediated through the production of extracellular factors, we experimentally added purified elastase (porcine elastase) directly to the dual carbon-source medium. This process breaks down the BSA carbon source and, hence, removes the benefit to the bacteria of producing extracellular proteolytic factors. In this case, we predict that density would have no influence on the relative growth consequences of adding QS signal. We found no significant relationship between relative growth and cell density when elastase had been added (Fig. 3) (P = 0.287). Control II: Private goods. We tested whether the effect of density was removed when examining a QS-regulated factor that operates within the cell. Our predicted positive relationship between cell density and the benefit of QS arises because the factors are released out of the cell, providing a benefit to the local population of cells (public goods). In contrast, some benefits produced by the action of QS are not released and instead act intracellularly. We would predict that the fitness benefit of such private goods should not vary with cell density because their benefit is only to the individual cell that produced them, and not the local population.
We chose adenosine as a carbon source to examine this. In P. aeruginosa, adenosine is taken up by cells and degraded via inosine, hypoxanthine, xanthine, and urate to glyoxylate and urea, providing direct fitness benefits to individual cells proficient in this pathway. P. aeruginosa lasR QS mutants have previously been shown to be unable to grow on adenosine as a sole carbon source because the nucleoside hydrolase Nuh, which degrades inosine to hypoxanthine, is under positive QScontrol (14) . We found that our lasI mutant was unable to grow using adenosine as a carbon source. We also found that when the lasI (signal-negative) mutant was grown in a dual carbon-source medium containing CAA and adenosine, the addition of signal leads to an increase in growth, but this increase and the relative fitness benefit does not vary with cell density (P = 0.598) (Fig. 3) . Control III: QS response. We tested whether our results could be explained by a lower response to QS signal at lower densities. Although the addition of signal induced QS at all cell densities, Fig. 1 . The hypothesized function of QS. At low cell densities, a large proportion of the extracellular factors (public goods or exoenzymes) disperse before they can be used (by either the cell that produced it or others), and so their production provides little direct or indirect fitness benefit. At high cell densities, a much greater proportion of the extracellular public goods (or the products they produce) can be used by the cell that produced the extracellular factors and their neighbors. Consequently, from the inclusive fitness perspective of an individual cell (33) , the production of extracellular public goods is more efficient and beneficial at higher population densities. there was a reduced expression of lasB per cell at lower densities compared with high densities (Fig. 2B) . Consequently, it is possible that the reduced benefit of QS at lower cell densities (Fig.  3 ) may be because of density influencing the production of extracellular factors, rather than the efficiency with which those factors are used. We tested this theory by increasing the expression of lasB in the low cell-density cultures in the dual carbon-source medium by varying the amount of signal added.
Compared with high cell-density cultures, low cell-density cultures containing 20 μM of added 3O-C12-HSL showed significantly reduced lasB expression (Fig. 4A) (P < 0.0001) and a reduced fitness as measured by growth (Fig. 4B) (P < 0.0001). When we increased the concentration of 3O-C12-HSL in the low cell-density culture to 100 μM, this resulted in an increase in lasB expression (Fig. 4A) (P < 0.0001) but no effect on cell growth (Fig. 4B ) (P = 0.59). It has previously been shown that a combination of 3O-C12-HSL and C4-HSL leads to maximal expression of the lasB gene (15), so when we added 100 μM of both 3O-C12-HSL and C4-HSL together to low cell-density cultures, this resulted in a further significant increase in lasB expression compared with the high cell-density culture containing 20 μM of 3O-C12-HSL alone (Fig. 4A) (P < 0.0001), but no increase in cell growth (Fig. 4B ) (P = 0.1538). We repeated this control using a lasI/rhlI double-mutant and found the same effects (Fig. S1 ).
Discussion
Here we provide clear support for a fundamental assumption of the QS literature, that the production of extracellular factors is more beneficial at higher cell densities. Specifically, we found that: (i) the fitness benefit provided by turning on the QS response was greater at higher cell densities (Fig. 3); (ii) the effect of density was removed if extracellular factors (elastase) were added directly to the medium, or if growth was dependent upon intracellular consumption of private goods (Fig. 3) ; (iii) our results cannot be explained by a reduced response to QS at lower cell densities.
Our results are expected if QS is social, with individual cells being influenced by the signal and extracellular factors produced by other cells (13, (16) (17) (18) . In contrast, if QS was not social, such that the benefits of producing extracellular factors only pass to the cell that produces them, then the fitness benefit of responding to QS would not have varied with cell density (19) . However, it is important to not overextrapolate from these results in two ways.
First, just because QS can have social fitness consequences, this does not mean that all traits controlled by QS are social. In cases where QS induces intracellular factors, such as those required for the metabolic breakdown of adenosine, then the benefits of such private goods are not social, and only accrue directly to the cell producing them (11) .
Second, our results do not refute the idea that QS may also act to sense properties of the environment, such as the rate at which signals and QS-dependent factors diffuse away from cells. Redfield   Fig. 3 . The fitness benefit of responding to QS. The fitness benefit of adding signal (relative final growth), and therefore inducing QS, was greater when CAA was provided at a higher concentration, and hence at higher population densities (◆). Two control treatments showed that when the social aspect of QS was removed, this also removed the effect of population density. Specifically, through: (i) the addition of elastase, which digests the BSA carbon source directly, without the need for QS (○); and (ii) the replacement of the BSA carbon source with adenosine, which is digested intracellularly (■). All results are shown as means (± SD), eight replicates per treatment. suggested that an alternative explanation for QS was that it was a nonsocial trait, the role of which was to measure the diffusion rate, termed diffusion sensing (8, 20) . However, it is wrong to contrast QS and diffusion sensing as competing hypotheses because the rate of diffusion will also alter the social costs and benefits of QS, by altering the extent to which benefits flow to relatives (6) . Consequently, it is more useful to ask the separate questions of whether the trait is social, whether density matters and whether diffusion matters, and how this varies across different factors produced. Indeed, a comparison of our main result with our adenosine control shows how autoinducers can control both social (public goods) and nonsocial (private goods) traits, and that one does not exclude the other. Analogously, the result that QS can be induced at low cell densities does not eliminate the potential for social fitness consequences (11, 12, 21, 22) .
Our results should be seen as an empirical first step, demonstrating the fitness consequences of varying cell density. A limitation of our work is that it was carried out in the relatively unnatural environment of a liquid culture in a test tube; we did this because it allowed us to independently control both density and the induction and response to QS. A key task for the future is to develop methods that allow this experiment to be replicated in increasingly realistic environments, including in vivo. Although, it should be noted that our previous test tube results with P. aeruginosa (13) have since been replicated in other laboratory conditions, with acute and chronic infections of mice, and within human intubated infections (13, 18, (23) (24) (25) . These previous studies demonstrated the social nature of QS, and in particular how QS could be exploited by free-loaders that did not either produce or respond to signal. A laboratory study of Myxococcus xanthus grown on casein elegantly showed that growth rates were greater at higher cell densities, and could be raised by the addition of prehydrolyzed casein (26) . However, although this result is consistent with our results, it was not on a trait controlled by QS and did not involve the relevant controls that we carried out.
More generally, by demonstrating that signaling is favored to coordinate behavior at the population level, our results show that QS shares conceptual links with other forms of signaling, such as alarm or food calls in birds and mammals (27) (28) (29) . Consequently, QS could be exploited as an easily manipulated model system for testing very general theory that was developed to explain animal signals. Furthermore, this social nature of QS is not only of interest from a pure science perspective, because it can also be exploited as a novel medical intervention strategy (30) . Specifically, the fact that QS can be exploited by free-loaders, who do not either produce or respond to the QS signaling molecules (13, 18, (23) (24) (25) , could be used to reduce population size and virulence, or even introduce medically beneficial alleles into infective populations (30) .
Materials and Methods
Bacterial Strains, Growth Media, and Culture Conditions. The bacterial strains we used were P. aeruginosa PA01 lasI::Gm R (31) (PA01 carrying an insertion in the lasI gene) and PA01 lasI::Gm R (31), containing a chromosomally integrated lasB::luxCDABE fusion constructed using the mini-CTXlux system (32) . For growth of all overnight cultures we used Luria-Bertani (LB) broth and we incubated cultures with shaking at 37°C. For all growth-curve experiments we used a minimal growth medium, QS medium (QSM) (13 Manipulating Density and QS. We manipulated density by growing strains in a minimal QSM growth medium, with varying concentrations of CAA as the sole carbon and energy source. We generated a CAA concentration range between 0.125% and 0.03125% by serial dilution. We then grew overnight cultures in LB and centrifuged them at 8,900 × g for 5 min, and the cells were washed twice and resuspended in QSM containing no carbon source. We adjusted cultures to OD 600 0.03 ± 0.01. Aliquots of QSM containing CAA were inoculated with the appropriate strain at a concentration of 10 μL·mL −1 . Next, 200 μL of each sample was added to a 96-well microtiter plate (Corning) and blank QSM was used as a negative control. Growth curves are shown in Fig. S2A . We controlled the induction of QS by using a lasI (signalnegative) QS mutant that does not produce the primary signal of the P. aeruginosa QS system, 3O-C12-HSL, but still produces extracellular factors in response to the presence of this signal. We were then able to turn on QS experimentally, by adding chemically synthesized signal, to induce the expression of QS-dependent genes and subsequently the production of extracellular factors. We verified that this leads to QS induction using a lasB::lux fusion where the expression of the QS-regulated lasB gene leads to light output. We measured lasB expression, as shown in Fig. 2B , after 7 h of growth; a full-expression profile is shown in Fig. S2B . We analyzed all growth-curve experiments using a Tecan Infinite 200 microplate reader, with absorbance (600 nm) and bioluminescence readings taken at 30-min intervals for a period of 24 h. Where required, we added synthetically prepared 3O-C12-HSL at appropriate concentrations.
Analyzing the Fitness Consequences of QS. We performed growth-curve experiments as previously described, using PAO1 lasI::Gm R grown in a dual carbon source QSM in both the presence and absence of QS signal. For one carbon source, we added CAA at varying concentrations, ranging from 0.0325% to 0.125%, to produce a range of population densities from relatively low to relatively high. For the second carbon source, we added 1% BSA, which can only be used when it is broken down by the action of QSdependent proteases, such as LasB (12) . For control experiments, we used a CAA dilution range of 0.125-0.03125% with either a 1% constant source of BSA, 0.1% of adenosine (Sigma), or 1 unit of elastase (Sigma). We calculated, using an Elastin Congo red assay, that the concentration of elastase we added (0.0067 units/mL) is similar to the level produced in the supernatant by PAO1 (0.0042 units/mL) and the lasI mutant (+ 20 μM 3O-C12-HSL; 0.0059 units/mL) when we grew the strains in QSM for 18 h. We analyzed growth using a Tecan Infinite 200 microplate reader, with absorbance (600 nm) and bioluminescence readings taken at 30-min intervals for a period of 24 h. Where required, we added synthetically prepared 3O-C12-HSL and C4-HSL at appropriate concentrations. We calculated the relative benefit of QS by dividing the final population density in the presence of signal by the final population density in the absence of signal.
Analyses. We analyzed our data using the statistics package GraphPad Prism v.5. In all analyses we used either standard two-tailed t tests or linear regressions.
